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Abstract— We analyze the performance of an SIR based ad-
mission control strategy in cellular CDMA systems with both
voice and data traffic. Most studies In the current literature to
estimate CDMA system capacity with both voice and data traf-
fic do not take signal-to-interference ratio (SIR) based admission
control into account. In this paper, we present an analytical ap-
proach to evalnate the outage probability for veice traffic, the av-
erage system throughput and the inean delay for data traffic for a
voice/data CDMA system which employs an SIR based admission
control. We show that for a data-only system, an improvement of
about 25% in both the Erlang capacity as well as the mean de-
Iay performance is achieved with an SIR based admissfon control
as compared to code availability based admission control. For a
mixed voice/data system with 10 Erlangs of voice traffic, the im-
provement in the mean delay performance for data is about 40%.
Also, for a mean delay of 50 ms with 10 Erlangs voice traffic, the
data Erlang capacity improves by about 50%.
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1. INTRODUCTION

Code division multiple access (CDMA) cellular systems
with voice-only traffic have been known to offer higher system
capacity than than the channelized systems [1]. Several studies
analyzing the capacity of CDMA systems have been reported
[21,[3]. However, these studies did not take into account ad-
mission control strategies based on signal-to-interference ratto
(SIR) measurements. In [4], we had analyzed, using Chernoff
bound and central limit theorem approximations, the capacity
and outage performance of a voice-only cellular CDMA sys-
tem with an SIR based admission control strategy. We showed
that an improvement of about 30% in the system capacity is
achieved for an outage probability of 1%. This study, how-
ever, did not consider the performance with mixed voice and
data traffic, which is typical in the next generation CDMA cel-
lular systems [5]. Performance of CDMA systems with voice
and data traffic has been studied in {6],[7]. These studies have
considered admission control, but based only on code avail-
ability. Admission control based on SIR measurements can
offer improved performance [4].

Our focus in this paper is to develop an analytical approach
to evaluate the performance of a mixed voice/data CDMA sys-
tem which employs an SIR based admission control. We de-
rive expressions for a) the outage probability of voice calls, b)
the average system throughput, and ¢) the mean delay perfor-
mance for data traffic. For deriving the outage probability, we
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use a Chernoff bound approximation. For deriving the mean
delay for data traffic, we model the system as a single virtual
buffer, where all the buffered data (at all the mobiles in all the
cells) are queued in the order of their arrival epochs. We com-
pute the mean delay for the first departing data burst of this vir-
tual buffer. We then mode! the rest of the buffer asan M/G/1
queue with a mean service time equal to the mean delay of the
first departing data burst. We show that, for a data-only sys-
tem, an improvement of about 25% in both the Erlang capac-
ity as well as the mean delay performance is achieved with an
SIR based admission control as compared to code availabil-
ity based admission control. For a mixed voice/data system
with 10 Erlangs of voice traffic, the improvement in the mean
delay performance is about 40%. Also, for a mean delay of
50 ms with 10 Erlangs voice traffic, the data Erlang capacity
improves by about 50%.

II. SYSTEM MODEL

Consider a voice/data CDMA cellular system with N = 61
circular cells. The objective is to develop an analytical ap-
proach to evaluate the performance of this system with an SIR
based admission control on the uplink (mobile-to-base station
link). The performance measures of interest are the outage
probability for voice calls, the average system throughput, and
the mean delay for data traffic. .

Voice calls are assumed to be of circuit-switched type. Each
voice call uses a spreading code for transmission. The as-
signed code is held for the entire duration of the call, afier
which it is released. Data traffic, on the other hand, is assutned
to arrive in bursts. Spreading codes are allocated and released
on a burst-by-burst basis.

A voice call or a data burst originating from a mobile is ad-
mitted into the system if @) spreading codes are available for
allocation, and b) the interference-to-signal (I/S) ratio mea-
sured at the corresponding base station is less than a desired
threshold. The f/S thresholds for veice and data are €, and
€4, Tespectively, which can be chosen based on the transmis-
sion rates of the voice and data traffic. Voice calls which are
not admitted are blocked, and data bursts which are not admit-
ted are buffered.

For the buffered data (at all the mobiles in all the cells), the
system behaves like a single virmual queue as follows. All the
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base stations in the system co-ordinate among themselves and
keep track of a virtual queue of data bursts, by assigning a pri-
ority index to each buffered data burst. The priority indices
are assigned based on the order of the arrival epochs of the
data bursts. When a code becomes free and the I/ condi-
tions become favorable following the departure of an ongoing
call, the base stations allow the mobile having the data burst
with the least priority index to transmit the data burst using the
assigned code, and the priority indices of all the other buffered
data bursts in the system are decremented by 1.

In order to analyze the above system, we make the following

assumptions.

e Each cell has a maximum of n
available for allocation.

o Mobiles are uniformly distributed over the area of each
cell. All the mobiles are assumed to have either very low
mobility or no mobility.

« The voice call arrival process in each cell is Poisson with
mean arrival rate A,. The voice call holding times are

exponentially distributed with mean g,
Au/ ity Erlangs/cell.

o The data burst arrival process in each cell is Poisson with
mean arrival rate A4. The data burst lengths are exponen-

tially distributed with mean p7! seconds. pg £ Adfba
Erlangs/cell.

» Voice calls are transmitted at a rate r,, bps, and data bursts
are transmitted at a rate r4 bps. We consider rg = kyry,
kq > 1. This leads to €, = kqeq.

» The signal undergoes distance attenuation, shadow loss
and multipath Rayleigh fading. For voice traffic, the
Rayleigh fading is assumed to be averaged out because
of the large holding times of voice calls.

» We assume perfect power control for voice traffic and no
power control for data traffic.

» The path loss exponent is taken to be 4. The shadow
loss is assumed to be log-normally distributed of the form

10~ 15, where 3 ~ N(0,02).

= 64 spreading codes

A
seconds. p, =

I11. PERFORMANCE ANALYSIS

In cellular CDMA, the interference in a given cell is due to
the in-cell and the other-cell active mobiles, Here, we assume
that the interference seen by a base station is due to the mo-
biles in its first tier of neighboring cells, i.e., we ignore the
interference due to the mobiles located in the cells other than
the first tier neighboring cells as negligible!.

The number of interferers with voice traffic seen by cell k,
Afc"), can be written as

al = A}:) + 48’3, m

1 Henceforth, we use the term neighboring cells to mean the first tier of cells
around the cell-of-interest.

where AE,:) is the number of in-ceil voice interferers and Ag’h)

is the number of neighboring-cell voice interferers to cell k.
Similarly, the number of interferers with data traffic seen by

cell k, A is given by

A(d) + ald) @

‘ald) _
al on'

where A(rf) is the number of in-cell data interferers and Ag’g
is the number of neighboring-cell data interferers to cell &.

Let It (A", Al denote the I/S at the base station of
k k k

cell k, due to Asc") voice interferers and Afcd) data interferers.
I (Ai”) . A.(,:')) can be written as

» (v) A ld) (v} (v} A(d}
(a4, o(0) = a8 10 (5.87) @

where the first term is due to the perfectly power controlled
in-cell voice interferers, and the second term is due to the
neighboringcell voice interferers and all the data interferers.

I (Ag’z, Ai“)) can be written, in ferms of distance attenua-
tion, shadow loss and multipath Rayleigh fading loss, as

Al »Y
) (d) M" s‘ :u '!'b‘
v
__-..-......__.._._.__._. 4
(gL T e

’Esh i=1 pd (M" B,,) e

o)
Bip ¥4,
+§ S p-* (Mf;.s;.)xo“‘f'o‘n?,,.
e 8, =1

where ALY and AP are the number of voice and data in-
terferers, respectively, in cell 4 to cell k. Si denotes the set
of cells containing cell & and its neighboring cells. Note that
A% = sy AL and AW = 3,5 A D(ME, By)

is the dlstance between the jth voice interferer in cell ¢ and
the k* base station, D( ,,,Bk) is the distance between the

§** data interferer in cell ¢ and the k" base station, and
w;k’¢fk ~ N{0, %) correspond to the shadow loss from j*
mobile in cell i to the k** base station for voice and data inter-
ferers, respectively. R?-,‘ corresponds to the Rayleigh fading
loss from the j** mobile in cell i to the k** base station, The
k3 factor in the first term accounts for the lesser transtmit
power for voice users relative to that of the data users, because
of the difference in the transmission rates of the voice and data
traffic. Note that I (Ag’z , Aﬁd)) is conditioned on Ag’k), Af),
B;x and the location of the interferers, and hence it needs to
be averaged over these variables.

£

A. Data Burst Retransmission Probability

A data burst currently in transmission could be lost because
of a new call being admitted in the system. Such lost data
bursts enter the virtual queue and are retransmitted. We derive
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the probability of such data burst retransmissions, p,, which '

is needed to compute the average system throughput and the
mean burst delay.

Let p¥ and p? denote the probabilities of data burst retrans-
mission in cell & due to a newly admitted voice call and data
burst, respectively, in cell i. These probabilities conditioned
on A(") A, and AE,:) are denoted by P4 and Py, respec-
twely Pud can be written as

Pus=pr {0 (650, 8(0) > ¢,

a(sg - sa) o

)

where € = €7 — —A(" Similarly, Paq can be written as

e (i a5 00) > (a2 a0 ) s} o

Averaging (5) and {6) over A("} and A(d) we Can write

CHERN |

sy

l-'E E PuaP1Pg | o]
lJ

gk b
- (AE:)) =1- H 1- E E PgaP1Pa | . @
€Sy My My J
igh =
where
—py s My
& () =TV
pl_pr{aohww,}_ " )
—#q M2
o (d) _ == 2
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F2 '{ u ‘} Mgl

In the above, 5y, = Nipy, and jg = (Ni + 1)pa, where Ni
is the number of neighboring cells to cell k ¢here, N = 6).
Averaging (7) and (8) over Af,z) , we have

Pl = sz (AS‘;’) Py, o

e () e
my
where

e 8u My
P Pr{A(I:) =myp = Y 3

The data burst retransmission probability, p,, is then given by

d
Aupy + Agp
po = e —dlo 04
Au + Ay

Tt is noted that the key step in the computation of the retrans-
mission probability in the above is the evaluation of (5) and
(6). In order to evaluate (5) and (6), we need to compute the
joint prebabilities

rl 21»{1 (A“')_A(d)) > et (Ag: a

2 Pr{ (Ai"),Ai‘)

a3

1.
-:)4_:4:‘}, a8

A(") AE'“ >y,

and the marginal probabilities
M i‘n{:,, (A{:,":—t.aﬁdj}ge;}. @
it S (a8 407 - ) 5 4}

In [4], we made approximations based on Fenton’s method
to evaluate an expression similar to the joint probability ex-
pressions in (15) and (16). Also, an approximation based on
Chemnoff bound (CB) was used to evaluate an expression sim-
ilar to the marginal probabilities in (17) and (18). We use our
approach in [4] to evaluate Py, P{, PM and P} here, which
are used to compute p,. Note that p, is also equal to the voice
call outage probability. This is because, for voice, the ky fac-
tor multiplies both the 7/9 and the comparison threshold in
(5) and (6).

The probability that a data burst is not admitted due to I/S
constraint, and hence buffered, pp, can be written as

Py = qu,'[a(“) A(d)) > egh a9

As explained before, py is also equal to the voice call blocking,
probability.

We define the average system throughput, U, to be the frac-
tion of time during which the system carries voice traffic and
successful data bursts, U is given by

T= pury(l —pp) 4+ parg(l = p3)(1 —Pn)_ 20

nryg

B. Mean Delay

In this subsection, we present the analysis for deriving the
mean data burst delay. The first departing data burst in the vir-
tual queue waits till @) a code is available for allocation, and b)
the I/S at the corresponding base station is below threshold.
However, for the loads under consideration, the probability of
a code not being available is small. Hence, the first departing

data burst waits till the I/S at its correspondmg base station
(in this case, base station k) goes below threshold. This hap-

pens only if an ongoing call departs from the system. We de-
fine py (A(”’ Af)) to be the probability that the I/§ at the
base station of cell k goes below threshold following the de-
parture of ither a voice call or a data burst. p; (Ai"), Af))
can be written ag

7y (A(.u),AL‘)) 25 (a0 a{} 5y

+rg (2l a) 54

3 (ol 69) an

(af, 282,

where p} (A("),Af)) and p} (Ai”},Agd)) are the proba-
bilities that the J/S going below threshold is due to the de-
parture of a voice call and a data burst, respectively. Like-
wise, (Af), Ai’i)) and p4 (AS:’),A@) are the probabil-
ities that the departing call is a voice call and a data burst,
respectively. pY (Ai"), Ag‘”) and p4 (AS:’), Aid)) are given
by

P} (AL"). AL") =pr {:,, (AS’: -1, Ai“)) g |J,, (ag‘:.ai“)) > ‘:1} .

L
4
#3 (ol 2l = pr {1,, (ag'z.af‘" ET (A(;:.As'd)) >4}
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The above two equations are evaluated by the method applied
to evaluate p? and p? in the previous subsection. The proba-

bilities pY (Ai") , Aid)) and pd (Ai”),A,(‘d)) are given by

A(L")“v

»Y (Af_"" “id)) = @

v d !
Ai )Fu + Ag )ud
4

Ai Yoa

i (ol al®) = e

NN

The arrival rate into the virtual queue is pp Vg, Let m be
the number of departures that need to occur for the I/S at
the base station of cell k to go below threshold. Let T be the
random variable that denotes the delay experienced by the first
departing data burst in the virtual queue. The characteristic

function, ¢ (w|m, Asc") , Af)) ,of T conditioned on m, AS‘”)
and A(d), is given by

m

or (w Im' AE.U)’AS;J)) - Hél(,u;, o4

Pa=1l

where ~
!
3
. = '} m=ly o eime—i o dyd—1
#i(s) E [M:_‘](l_l) eH™tedt, @
i=1

ul = (A;.") G- u) e + (Agd) - -a)) rq. and pY and pd are ob-
tained by averaging (22) and (23) over A&") and Aid). To
average (24) over m, we use Pr{m = K} = (1 —p;)%~1p;,
where p; is obtained by averaging p; (Afﬁ”), Aid)) over As:’)
and Aid). Averaging (24) over m, Ai") and Agi) , we obtain

the characteristic function, ¢ (w), of T. The density function
of the delay T, fr(¢), is then given by

. =
fr(e) = 2—[ b lwye =i g 08

The mean delay, T, and the delay variance, Ty, of the first
departing data burst are given by

Tave = [tIT(I)dl, en
t

Tyar = f(z — Tave P fpl0)dt. )
L}

The rest of the virtual queue, other than the first departing
burst, is modeled as an M/G/1 queue with mean service time
T.ve. Hence, the mean waiting time, Wy, in the M/G/1
queue can be written as,

rTave
21 —r)

where ¢z = TT%*L and r = py NA3T .. Finally, the mean data
burst delay, D, is given by

Wave =

(1 + =§.) , @9

D = pp{Wave + Tase¥Vio, G0

where IV, is the average number of transmissions per packet,
given by Ni> = 1/(1 ~ po).

IV. RESULTS AND DISCUSSION

In this section, we present the analytical and simulation re-
sults of the performance of a voice/data CDMA system with
SIR based admission control. The performance of the system
with code availability (CA) based admission control is also
presented for comparison. The following system parameter
values are used in all the analytical computations and simula-
tions: N = 61 calls, n = 64 spreading codes, u;t = 100
seconds, py in the range 1 to 10 in steps of 1, p,gl = 1 second,
pdinthe range 1to 9 insteps of 1, r,, = 8 kbps, r4 = 16 kbps
(ie, kg =12),0=8dB,ande, = 14 dB (ie, ¢4 = 11 dB).
We define the voice and data Ertang capacities as the offered
voice traffic for a desired voice call outage probability and the
offered data traffic for a desired mean data burst delay perfor-
mance, respectively. We specifically consider a data-only sys-
tern (for which p, = 0), as well as a mixed voice/data system
with p, = 10 Erlangs per cell, both with varying p4.

Fig. 1 gives the voice call outage probability performance
as a function of voice traffic load, p,, in a mixed voice/data
system with a data traffic of pg = 5 Erlangs per cell. The SIR
based admission ¢ontrol is seen to perform better than the CA
based admission control. For example, a 1% outage proba-
bility occurs at a voice traffic of about 2 Erlangs per cell us-
ing CA based admission control, whereas, for the same outage
performance of 1%, the SIR based admission control supports
an increased voice traffic of about 6 Erlangs per cell. It is
noted that, in the voice-only system that we studied in [4], a
voice traffic load of about 20 Erlangs per cell was achieved
at a 1% voice call outage probability. However, in the mixed
voice/data system that we consider in this paper, the voice Er-
lang capacity achieved is 6 Erlangs per ceil in the presence of
5 Erlangs per cell of data traffic. Thus, the voice Erlang capac-
ity comes down while supporting higher rate data users, which
is expected.

s
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wwezw SIR Admussion Cil Em‘am} :
—s—  CA Amission Cl1 i

7 3 1 s 0 7 0 10
Vorom Trafhc par Collp, {Eings)

Fig. 1, Voice call outage probability, po, vs py for pg = 5 Erlangs per cell.

In Figs. 2 and 3, we compare the mean data burst delay per-
formance of the SIR based admission control with that of the
CA based admission control, as a functicn of data traffic, 4.
Fig. 2 corresponds to a data-only system (i.e., p, = 0) and
Fig. 3 corresponds to a mixed voice/data system with a voice

899



traffic of p, = 10 Erlangs per cell, From Fig. 2, we observe
that, in the absence of voice traffic, we obtain an improvement
of about 25% in the mean delay performance due to SIR based
admission control compared to CA based admission contrel
(about 70 ms mean delay for CA based admission control and
about 53 ms mean delay for SIR based admission control, at
pd = 8 Erlangs per cell). This is because, in CA based ad-
mission control, calls are admitted into the system regardless
of the SIR conditions. This may allow a faster first time trans-
mission of a data burst, but it will encounter a larger number of
retransmissions due to data loss because of more interference.
This results in a larger overall delay for CA based admissiocn
control, SIR based admission control, on the other hand, does
not admit calls {i.e., buffers data bursts) if SIR conditions are

not favorable. This may possibly delay the first transmission -

attempt more, but the transmission attempts will have a larger
probability of success, because of the controlled SIR condi-
tions. This results in a lesser overall delay compared to that of
CA based admission control. When p, = 10 Erlangs per cell,
the mean delay performance of SIR based admission control
improves by about 40% compared to CA based admission con-
trol, as observed in Fig. 3. This is because, at increased voice
traffic loads, the CA based admission control performs poorer
because it now admits more calls (subject to code availability)
than in a data-only system, which causes more retransmissions
and more delay compared to SIR based admission control.

From Figs. 2 and 3, it is also observed that at a mean delay
of 50 ms, the SIR based admission control offers about 25 to
50% improvement in the data Erlang capacity, compared to
CA based admission control. For example, for p, = 0 (Fig.
2), at D = 50 ms, the data Erlang capacity improves from 6.5
Erlangs to 8.2 Erlangs. Similarly, for p, = 10 (Fig. 3), the
data FErlang capacity improves from 4 Erlangs to 6 Erlangs.
Fig. 4 gives the the average system throughput (Eqn.(20)) asa
function of pg for p, = 10 Erlangs. We observe that because
of lesser retransmission and outage probability, the SIR based
admission control utilizes the system more efficiently than the
CA based admission control.

*ER = 7y
e
[ === SIR Admgson Gl
[ -+~ CAAdmission Ciit.

: : ;
Dl wote pu b, sty ‘

Fig. 2. Mean data burst delay, D, vs pg in the absence of voice traffic (i.¢.,
pu =0).
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Fig. 3. Mean data burst delay, D, vs g4 for p, = 10 Erfangs per cell.
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Fig. 4. Average system throughput, 7, vs pg for p, = 10 Erlangs per cell.

V. CONCLUSIONS

We analyzed the performance of an SIR based admission
control strategy in cellular CDMA systems with both voice
and data traffic. We derived the expressions for the outage
probability for voice traffic, the mean delay for data taffic
and the average system throughput for a mixed voice/data
CDMA system which employs an SIR based admission con-
trol. We showed that significant performance improvement
beth in terms of mean delay as well as Erlang capacity could
be achieved using the SIR based admission control as com-
pared to that of code availability based admission control.
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